ABSTRACT: The review discusses the molecular origins of the forces and free energies that determine several things about proteins, and how experiment and theory reveal this information. The first subject is the stability of the folded, native structures. The second is the range of molecular mechanisms by which proteins find their way to those folded structures in laboratory environments. The third is the much more complex problem of how folding occurs in the cellular environment. This topic includes a discussion of crowding and of the roles of chaperone molecules. The review concludes with a discussion of protein aggregation and fibril formation and of misfolding and therapies associated with it.
INTRODUCTION
Proteins are fundamental components of all living cells. According to their function, they can be categorized into four main classes: structural proteins (e.g., collagen), immunoglobulins (antibodies), storage proteins (e.g., gluten, albumin), and enzymes (catalytic proteins). In order to carry out these functions, a protein must fold into a particular three-dimensional form (the "native state"), which involves the conformational rearrangement of a linear sequence of amino acids. On the other hand, protein unfolding/misfolding has been associated with incidence of some deadly diseases, such as Alzheimer's disease, type II diabetes, Parkinson's disease, and mad cow disease. In addition, stability of proteins also has other clinical significance. For example, injuries such as burns are associated with a loss of protein function due to denaturation and/or aggregation under thermal stress. One useful question here is what the level of denaturation of vital proteins is for a given temperature history. 1 Understanding the protein folding and aggregation process can provide insight to the molecular basis of these injuries and diseases, leading to development of better treatment methods.
The importance of the protein folding process has motivated endless effort by scientists across the fields of biology, chemistry, physics, computer and medical scienc-es for about 50 years, which has significantly improved our understanding of the process. Nevertheless, protein folding remains one of the most challenging questions in science. In this paper, we review the factors that govern folding and aggregation of proteins and advances in therapeutic approaches to diseases related to protein misfolding and aggregation.
THERMAL STABILITY OF PROTEINS
The thermal stability of a protein is determined by its structure. All naturally occurring proteins are polypeptide chains made of some or all of 20 types of amino acid (residue). Each amino acid has a central carbon atom (C α ) attached to a hydrogen atom and a side-chain group, an amino group (NH 2 ), and a carboxyl group. During protein synthesis, the amino acids are connected end-to-end into a one-dimensional sequence by the formation of peptide bonds in which the carboxyl group of one amino acid condenses with the amino group of the next and eliminates water (FIG. 1) . The only difference between amino acids is the side-chain group attached to the C α atom. According to the chemical nature of the side chains, the amino acids are usually divided into two types, hydrophobic and polar (including charged and noncharged).
The stability of a protein is determined by the free energy difference between its unfolded state and folded state: ∆G = ∆H − T ∆S , where T is temperature, ∆G, ∆H, and ∆S represent changes in free energy, enthalpy, and entropy in the folding process, respectively. More negative ∆G corresponds to higher stability. Various factors determine the folding process and thermal stability of proteins by contributing to different variables in the above formula, including bonded and non-bonded interactions inside the protein, interactions between protein and solvent, etc. The relative contributions of these factors to protein thermal stability vary by protein, and are often intertwined. First, the strength of chemical bonding may affect the thermal stability of proteins. A typical covalent chemical bond has a bonding energy of tens of kcal/mol (e.g., the C-N bond: 35 kcal/mol), while most proteins have a stability of only 5 2 0 kcal/mol. Therefore, the protein usually unfolds and breaks many critical physical (non-bonded) interactions before a typical covalent bond can be broken. However, a protein's thermal stability can be strengthened by introducing additional disulfide bridges between two thiol-group-containing amino acids (cysteine or histidine). When the two residues have the correct geometry, the thiol groups can be oxidized and form a -CH 2 -S-S-CH 2 -bridge in the three-dimensional structure. These bridges strongly restrict the conformational mobility of a protein, thus greatly reducing the number of unfolded conformations (and thus unfolded entropy) and stabilizing the native state. For example, removing either of the two terminal disulfide bonds in bovine pancreatic ribonuclease A by substituting them with alanine residues can decrease its "melting temperature" T m by 40 degrees. 2 On the other hand, introducing a single disulfide bond into bacteriophage T4 lysozyme can increase its T m by 4.8, 6.4, or 11.0 degrees, depending on the location of bridges in the chain. 3 Bovine pancreatic trypsin inhibitor (BPTI) is a small protein whose three disulfide links play an important role in the folding process itself. 4 In addition, the α-helices of keratin, a major protein component of hair, are extensively cross-linked by disulfide bonds, providing additional strength of hair.
Other aspects of amino acid sequence also have significant effects on the thermal stability of proteins. For example, glycine is the most flexible among all amino acids, because it has only a single H atom as the side chain. Therefore, in the unfolded state, it may have many conformations, while in native state it only has one conformation. This leads to greater entropy loss than for other proteins in the process of folding and lower stability of proteins containing glycine. On the other hand, proline is the most conformationally restricted amino acid because of its ring structure in the backbone. Including prolines in the sequence significantly decreases the number of available states (entropy) in the unfolded state, thus rendering a more stable native state. However, the superior rigidity can be a double-edged sword: it may disrupt the secondary structure or favorable contacts and/or introduce unfavorable contacts, which could potentially lower the protein's stability. Therefore, its contributions to protein thermal stability must be assessed with caution.
Hydrogen bonding is one of the most prominent interactions in protein structures and plays an essential role in secondary structures (α-helices and β-sheets, etc.). However, its contribution to protein stability has been controversial. It is partly due to the fact that hydrogen bonds can be formed not only between protein residues, but also between protein and water and between water molecules. Numerous theoretical studies have concluded that hydrogen bonds make minor or no contribution to thermodynamic stability of proteins. 5, 6 On the other hand, recent experimental studies, contradicting those calculations, have shown that hydrogen bonds contribute significantly to the stability of secondary structures (α-helices and β-sheets, etc.) and the overall stability of the native state. Study of different families of proteins showed that each hydrogen bond provides a stabilization of 1.0 ~ 1.6 kcal/mol. 7 Electrostatic interactions, including charge-charge, charge-dipole, and dipoledipole interactions, also contribute significantly to the thermal stability of proteins. Increased number of salt bridges on the protein surface is found in many thermostable or hyperthermostable proteins, compared to their counterparts from meso-philic organisms. [8] [9] [10] [11] For example, FIGURE 2 shows the distribution of charged residues on the surface of lumazine synthase from hyperthermostable Aquifex aeolicus (T m = 119.9°C) and its mesophilic counterpart, Bacillus subtilis (T m = 93.3°C). The Aquifex aeolicus enzyme has more ion-pairs per subunit, larger accessible surface presented by charged residues, and smaller exposed hydrophobic surface area than other lumazine synthases with similar topology. 11 An α-helix has a dipole moment with positive charge on the N-terminus and negative charge on the C-terminus. Two mutations of a single residue that stabilizes the dipole of helices are found to each increase the T m of T4 lysozyme by 2 degrees. 3 Most proteins are functional only in an aqueous environment. Interactions with the solvent contribute to many aspects of stabilization effects. First of all, as a polar molecule, water interacts with charges on the surfaces of proteins and disfavors exposure of hydrophobic side chains. It is entropically costly to have residues with hydrophobic (nonpolar) side chains on the surface of the protein, which leads to ordering of polar water molecules on the nonpolar surface. Therefore, hydrophobic residues tend to point toward the interior of proteins, stick together and form a "hydrophobic core" while exposing polar or charged residues to the solvent. Hydrophobic interactions are the major driving force for protein folding, and major contributors for protein thermal stability. Hydrophobic side chains were shown to provide efficient protection of backbone hydrogen bonds, 12 and guide the folding pathways by decreasing dielectric coefficient of surrounding water and enhancing Coulombic interactions between charged groups. 13 Previous studies have shown that each additional -CH 2 -group buried in folding provides 1.3 ± 0.5 kcal/mol in stabilization. 7 Carefully designed mutations to reduce the cavity size in the hydrophobic core successfully increased the T m , whereas introducing polar residues in the core or loosening the core packing decreased the stability of Archaeal histones. 14 Experiments on T4 lysozyme have also confirmed the correlation between protein thermal stability and reduction of solvent-accessible surface area on folding (an index of hydrophobicity). 3 Mutations on cytochrome c that render tighter side-chain packing also increase its thermal stability. 15 Interactions with solvent contribute to protein stability through other channels as well. For example, water can compete with amino acids for hydrogen bond formation. In addition, water molecules were found to act as lubricant in the final stages of the folding process of the Src SH3 domain. 16 Because the strength of electrostatic interactions is proportional to the reciprocal of dielectric constant, ionic strength and solvent dielectric constant can change the energetics of the folding process and protein stability significantly. [17] [18] [19] Trifluoroethanol (TFE), a less polar organic solvent than water, is known to increase the solubility of hydrophobic groups while decreasing that of peptide groups, 20 leading to unfolding or even aggregation of globular proteins. 21, 22 On the other hand, peptides that have flexible (i.e., unstable) structures in water such as the Aβ peptide (FIG. 3) can adopt distinct stable secondary structures in different nonpolar environments. 23, 24 In addition, solvent acidity (pH value) can also contribute to protein stability by changing the charge state of acidic/basic amino acids. 17 As shown above, many factors contribute to the thermal stability of proteins collectively. Because protein structures are so complicated, the relative contribution of each factor varies by system: each factor may contribute (positively or negatively) an absolute magnitude more than the overall stability (only 5~20 kcal/mol), and the overall stability is a result of interplay and balance of these factors. For example, mutations designed to stabilize T4 lysozyme by decreasing cavity size in the hydrophobic core were not successful because they introduce unfavorable steric strain. 3 Collagen, a major component of skin, tendons, and other connective tissues, makes use of many factors of stabilization. It has an elongated triple-helical structure (FIG. 4) with a repetitive primary sequence that can be written as: -Gly-Xaa-YaaGly-Xaa-Yaa-Gly-Xaa-Yaa-. Every third residue is occupied by Gly, while Xaa and Yaa are any other amino acids (often proline or lysine). Many of the proline and lysine residues are hydroxylated (i.e., with an additional -OH group), which can form more hydrogen bonds. Glycine is the most flexible residue, while proline is most restricted; the combination of these two forces the helices to have a much smaller radius than a typical α-helix, with hydrogen bonds between adjacent chains 
(FIG. 4).
A collagen helix is left-handed and has only three residues per turn, while an α helix is right-handed and has 3.6 residues per turn. It is therefore more open than an α helix. The small side chain of glycine allows a compact core with hydrogen bonds between adjacent chains. It was shown that the melting temperature of collagen strongly correlates with the content of hydroxylated proline. 25 Disruption of the Gly-Xaa-Yaa sequence can lead to defective folding of the collagen helices and has been associated with various connective tissue diseases, 25 including osteogenesis imperfecta.
HOW DO PROTEINS FOLD?
The protein-folding process in which the one-dimensional chain folds into its three-dimensional functional form is a massively complex process with highly stochastic nature. Experiments by Anfinsen on the protein ribonuclease in 1957 showed that at least some proteins can be repeatedly unfolded and folded back to the native state without any helper molecules, indicating that folding information is completely encoded in the sequence. 26 Most proteins fold in milliseconds to seconds, indicating that folding does not proceed through completely random search over all available conformations, which would take an astronomical length of time. On the basis of similar arguments, Levinthal proposed in 1968 that protein folding progresses through specific pathways. 27 In the past two decades, advances in experimental techniques and theoretical methods have shifted the paradigm on protein-folding theory from the pathway perspective to a statistical view of the folding landscape. 28, 29 This more recent view depicts the folding process as the approach to and then the descent into a funnel-shaped free energy landscape (FIG. 5) : the native state lies at the bottom of the funnel with minimal free energy. Folding proceeds through multiple pathways via a trade-off between energy and entropy-as protein moves down the funnel both its energy and entropy decrease, while incomplete cancellation of energy and enthalpy contributions leads to emergence of a free energy barrier. Proteins can get transiently trapped in local free energy minima by roughness of the landscape, but can eventually access the native state because the barriers are lower than the free energy bias toward the folded state. 30, 31 The "folding funnel" model and the original single-pathway concept are essentially polar opposites, at the two ends of a scale. The rich variety and vast number of proteins suggest that real folding processes may well lie along that scale from the extreme of the strict, single-path Levinthal model and the other extreme, the free motion toward and down a broad, open funnel. One of the open challenges in this field now is finding and applying a way to characterize the variety of successful folding paths available to any given protein.
More details from the folding processes were obtained with improved experimental methods. 32 For example, differential scanning calorimetry provides thermodynamic information of the folding process 33, 34 ; circular dichroism allows us to study the secondary structure of proteins 35 ; NMR and hydrogen exchange techniques provide detailed insights into the structure and dynamics of unfolded and partly folded states 36, 37 ; mass spectroscopy can detect co-existing protein species and kinetic intermediates 38 ; rapid mixing and other time-resolved techniques make possible the study of fundamental fast processes and initial stages of folding 32, 39, 40 ; protein engineering enables investigation of the determinants of protein folding and function 41, 42 ; and single-molecule fluorescence techniques allow us to observe the stochastic process "one protein at a time." 43 Experiments show that folding starts with specific collapse of the chain and formation of compact species for some proteins such as cytochrome c. 44 Larger proteins such as lysozymes follow more complicated mechanisms and may populate one or more intermediates, but whether these FIGURE 5. The idealized funnel-shaped free energy landscape of proteins. The unfolded state has the highest energy and entropy, while the folded state has the lowest energy and entropy. Folding progresses through multiple pathways; in the extreme, any path that crosses over the rim of the funnel will lead to the minimum.
intermediates promote (on-pathway) or inhibit folding (off-pathway) is under debate and depend on specific systems. [45] [46] [47] [48] [49] [50] [51] On the other hand, folding of small proteins often follows simple two-state kinetics in which only folded and unfolded states are observed without stable detectable intermediates, 32 which may be due to limited sensitivity of experimental techniques. 52 The simplicity of these small systems provided tremendous insight on folding mechanisms, especially about the structure of the rate-limiting step (transition state). Many studies suggest that the transition state involves interactions between a relatively small number of residues, after which condensation of other structural components occurs rapidly (the "nucleation-condensation" mechanism). 53 In addition, many evidences highlight the importance of native topology in guiding the folding process. Proteins with similar native topology but drastically different sequences are found to share similar transition state topology. 54, 55 Experimental folding rates of small proteins are highly correlated with the complexity of their folds (measured by "contact order," that is, average number of residues between two spatially interacting residues). 55, 56 These measures suggest that there may be relatively simple principles underlying the seemingly overwhelmingly complex problem of protein folding. 54 Significant success has also been achieved through computer simulations, especially on folding of small proteins. [57] [58] [59] [60] [61] Because current computer power is not sufficient to simulate the complete folding process and ensemble of pathways of proteins, a variety of models have been used to simplify the problem. 57, 58, [60] [61] [62] Minimalist models, which utilize simple structural representation of proteins instead of all atomic information, were used to predict mechanisms and timescales of protein folding and to analyze experimental results. 60, 62, 63 Models treating proteins with all atomic details but solvent molecules with a mean field can also greatly reduce the computing time and generate comparable results to experiments. 61, 64 On the other hand, all-atom models including atomic details of both protein and solvent provide not only results directly comparable to experiments, but also details of the folding process beyond the detection limit of current experimental techniques. 58, 59, 62, 65 For example, sampling the free energy surface through all-atom simulations successfully captured the transition state ensemble of the Src SH3 domain with atomic details (FIG. 6) , 16, 66 but also showed that water molecules function as "lubricant" during the formation of hydrophobic core of the protein and were squeezed out at the final stages of folding (FIG. 7) . 16 However, applications of all-atom models are limited to proteins folding at or near the speed limit (microseconds) due to the enormous size of the conformational space. New computing algorithms such as Replica Exchange Molecular Dynamics 67 that enhance sampling efficiency and improvements on distributed computing techniques such as Folding@home 68 are expected to connect the gap in time scales between theory and experiments. 
HOW DO PROTEINS FOLD IN THE CELLULAR ENVIRONMENT?
A majority of experimental studies on protein folding have been carried out in vitro in dilute solution, where many relevant experimental conditions can be controlled precisely, such as denaturant concentration, ionic strength, pH, etc. However, the interior of cells is a rather crowded environment. It contains not only proteins, but also several other types of macromolecules, such as lipids, sugars, ribosomes, etc. The dry matter can occupy as large as 40% of the cell weight and volume. 69 Crowding also occurs outside the cell; for example, blood contains about 8 percent of proteins by weight. Macromolecular crowding can significantly alter the processes and interactions between macromolecules, including but not limited to protein folding and aggregation. Therefore, more and more efforts, both experimentally and theoretically, have been undertaken to understand these processes in vivo by including crowding to mimic the physiological conditions. Recent studies on the effect of macromolecular crowding and interactions were reviewed by Ellis et al., 70, 71 and major findings and new results are summarized here.
Crowding is expected to have the following effects on biological systems. 72 Crowding in the cell can slow down the movement of macromolecules by up to 100 times, depending on the size and shape of the molecules. It can also increase the equilibrium constants of macromolecular association by two to three orders of magnitude. When more volume is occupied by other inert substances, less volume is left for the macromolecular reactants, resulting in less flexibility for their distribution (less entropy), while the flexibility (entropy) of the associated state does not decrease as much. Therefore increased crowding results in less overall entropy loss, which leads to more significant decrease in free energy and higher equilibrium constants for the reaction. This can have a significant effect on all processes with a change in excluded volume, such as protein folding/unfolding and aggregation processes. However, this effect does not change monotonically with the concentration of crowding agent, because crowding simultaneously decreases the encountering rate for two macromolecules (a kinetic effect) and increases the free energy bias toward the associated state (a thermodynamic effect). In addition, in vivo reactions are affected not only by physical non-specific crowding, but also by other competing reactions, such as specific binding to other molecules, 73 making the processes even more complicated. It was also suggested that in a heterogeneous protein solution, less-stable proteins unfold first and increase crowding, leading to higher thermal stability of more stable proteins, which can be part of the cellular defense system against burn injury. 1, 74 Recent studies have provided significant insight regarding the effect of macromolecular crowding and confinement on folding and aggregation processes of different proteins. High concentration of crowding agents was shown to significantly enhance the self-association of many proteins, [75] [76] [77] [78] [79] while the effect can be reversed by the addition of a molecular chaperone. 76, 77 On the other hand, when the concentration of crowding agent is low enough to allow some chains to fold rather than aggregate, crowding is also shown to increase the refolding rate of some proteins. 70, 80, 81 High concentrations of crowding agents were found to induce shifts to more compact structures in the denatured state of the CORE domain of E. coli adenylate kinase. 82 Computer simulations have also shown that native state stability, refolding rates, and self-assembly of model proteins are enhanced by crowding and confinement. [83] [84] [85] [86] All these results highlight the significance of investigating protein function and stability in environments mimicking in vivo conditions to uncover structural and dynamic properties that may not be captured in dilute solution.
Proteins are synthesized in the cell by ribosomes from the N-to the C-terminus. Some proteins start folding before the completion of protein synthesis 87, 88 ; other proteins may fold in the cytoplasm after the protein is released from the ribosome, while about one-third of newly synthesized proteins only fold to their native states after they are translocated to an organelle or even extracellular compartment where they perform function. 88 Incompletely folded proteins are prone to aggregation in the highly crowded intracellular environment and result in harmful conditions. Therefore, folding processes often require the help of molecular chaperones. 89 Chaperones often work in concert: one type of chaperone would bind to a protein as it is being synthesized on the ribosome, and another would then assist the folding of the protein.
The detailed mechanisms by which chaperones operate is controversial (and may be different from chaperone to chaperone). However, a common trait is that they recognize non-native proteins (via a hydrophobic patch that serves as a binding site to exposed hydrophobic residues of unfolded or misfolded proteins). [88] [89] [90] There are two main classes of chaperones. The first class includes small heatshock proteins (HSPs) which are expressed under conditions of stress 90 such as exposure to supraphysiological temperature during burn injuries. HSPs are very thermally stable proteins that bind tightly to unfolded/misfolded proteins and remove them from circulation (decrease the concentration) until the period of stress is over. It is unclear whether these proteins play a role in actively folding proteins. The second class of chaperones plays a role not only during periods of stress, but also in routine cell maintenance. Many of them are known as chaperonins: they possess a cavity in which a misfolded protein can be encapsulated.
The best understood chaperonin is the GroEL/ES complex, 71 though most results are obtained from studies of their effects on folding in vitro. GroEL is composed of 14 subunits, arranged in two rings, stacked back to back. Binding of the misfolded protein occurs at the exposed hydrophobic residues lining the apical domain of one ring. Binding of the protein to GroEL is followed by capping of the GroEL cavity by a GroES co-chaperone and binding of ATP. This process leads to a conformational change in which the hydrophobic residues lining the GroEL interior are mostly buried, leaving the protein encapsulated in a container with weakly hydrophobic walls. The protein remains in the cavity for approximately 10 seconds (the time required for ATP hydrolysis), after which the GroES cap and protein are released. Several cycles of ATP binding and release can occur, and macromolecular crowding is found to increase the capacity of the chaperonin to retain non-native polypeptide throughout the successive reaction cycles. 91 It has been suggested that certain proteins fold inside the cavity in a "passive manner," with the cage offering an "infinite dilution cage," allowing the protein to fold sheltered from other protein, so that aggregation will not occur. 71, 89 The "active models" are of two sorts. One (the iterative annealing model) suggests either that folding rates and yields are increased by folding occurring outside the cage through various cycles of ATP-driven binding and unbinding of the protein from the chaperonin, 92 while the other suggests that folding occurs inside the cage through various cycles of stochastic binding and unbinding of the protein from the mildly hydrophobic lining chaperonin wall. 93 Despite all the efforts by chaperones to help smooth the folding process, the complexity and stochastic nature of the process demands that some proteins are still misfolded after rounds of attempts, especially under cellular stress, such as exposure to high temperature. Secretion of these misfolded proteins into the extracellular environment can lead to accumulation and disturbance of normal cellular function, because the extracellular environment is devoid of molecular chaperones (although one has been discovered recently). 94 (Although extracellular aggregates can be degraded by immune-system pathways including macrophages, this process is often slowed down by disease and aging.) Therefore, eukaryotic systems have developed a remarkable "quality control" process to prevent the secretion of misfolded proteins and give them another chance to either fold in the endoplasmic reticulum under the help of chaperones, or be degraded and recycled by the ubiquitin-proteasome system into short non-aggregating peptides. 95, 96 When the external stress or mutations overwhelm the cellular defense system (e.g., insufficient production of chaperones or inefficient "quality control" process), excessive amount of misfolded proteins are produced, which are either degraded and result in lack-of-function diseases such as cystic fibrosis, 95 or they accumulate and form aggregates in the extracellular space, leading to other disorders, such as Alzheimer's disease. 97 
UNFOLDED PROTEINS ARE PRONE TO AGGREGATION
Deposits of protein aggregates on tissues are associated with the pathology of diverse diseases, such as Alzheimer's disease, Parkinson's disease, type II diabetes, and transmissible spongiform encephalopathies (TSEs). 97, 98 These aggregates often form fibrils or plaques on the tissue surface. Usually each disease has its own characteristic protein component, for example, Alzheimer's disease fibrils contain mainly amyloid-β peptide (Aβ), while TSE fibrils contain mainly prion proteins. Despite the fact that the sequences and soluble structures of the proteins related to different diseases are significantly different, the fibrils share the following properties: regular fibrillar structure under electron microscope; binding with Congo red and showing bright green fluorescence under polarized light; binding with thioflavin T; and showing β-pleated sheet structure by X-ray diffraction (FIG. 8) . Fibrils with these properties are called amyloid fibrils. In addition, common structure has been found for amyloid oligomers of different sequences, implying that different diseases may have a common mechanism of pathogenesis. 99 All these similarities imply that these fibrils may have a similar mechanism of aggregation.
It was not until recently that researchers realized that the amyloid state may be a common state for all proteins, not only those commonly associated with diseases, under certain fine-tuned denaturing conditions. Trifluoroethanol (TFE) is a denaturant capable of partially unfolding proteins while keeping some hydrogen bonds and secondary structures untouched. For example, adding TFE successfully produced amyloid fibrils from soluble proteins such as ribonuclease Sa. 22 A native SH3 domain, although too compact to fit into the fibril density, can also partially unfold and form fibrils. 100 It is even more striking that myoglobin, whose native state contains mainly helical structures, can also be converted into amyloid fibrils rich in β-sheet. 101 Destabilizing mutations can also convert soluble proteins into amyloid fibrils. 98 The fibrilization process usually starts from soluble proteins that are either "naturally unfolded" peptides (unstructured and without a stable native state under normal physiological conditions, such as amyloid-β peptide and islet amyloid polypeptide [IAPP]), or partially unfolded proteins converted from stable native states (e.g., SH3, lysozyme, and myoglobin) under denaturing conditions. Naturally unfolded proteins may need to "partially fold" and form some secondary structures before aggregation. 102 As shown in the above analysis of stabilizing factors, hydrophobic interactions are one of the most important factors that drive the protein-folding process. Under normal conditions, the hydrophobic groups tend to point into the protein interior space and remain shielded from water. However, the partially folded proteins have exposed hydrophobic groups and thus tend to decrease the solventaccessible surface area through aggregation. In fact, experimental studies on proteins responsible for different diseases under conditions close to physiological have shown that changes in rate of aggregation are positively correlated with changes in residue hydrophobicity and secondary structure propensity, while negatively correlated with changes in total charge. 103 Recent experiments with combinatorial libraries of designed proteins have also shown that sequences with alternating polar and nonpolar residues, which should have high propensity for β structures, form fibrils and are underrepresented in the protein database. 104 Furthermore, proteins with exposed hydrogen bonds on their surfaces tend to be those that form fibrils most readily. 105 In vitro experiments have shown that the fibril formation process generally occurs through slow nucleation-dependent oligomerization followed by fast fibril growth, while the first step can be eliminated through seeding. 98 In vitro studies have also revealed the existence of an on-pathway intermediate state, "protofibrils." 98 However, the structure of a fibril at atomic resolution is unavailable even in vitro, although there has been some progress in this direction, such as determination of the structure of the PI3 kinase SH3 fibril 100 and Aβ fibrils. 106, 107 On the other hand, the detailed mechanism of cytotoxity of amyloids remains unclear. More and more evidence indicates that the oligomers or protofibrils, rather than monomer or fibrils, are cytotoxic. [108] [109] [110] 
THERAPEUTIC APPROACHES TO PROTEIN MISFOLDING DISEASES
Progress in understanding the pathogenesis of protein-misfolding diseases has motivated researchers to identify molecules to slow down or revert disease progression. Recent advances of these therapeutic approaches were reviewed by Soto 111 and Cohen et al. 112 Major findings are summarized here.
Many efforts have been focused on speeding the clearance of misfolded or aggregated proteins, increasing the native state stability or increasing the activation barrier for misfolding or aggregation. 112 Many small molecules such as indoles have been found promising to correct loss-of-function diseases due to mutations, such as cystic FIGURE 9. Relevant processes in the protein folding/aggregation problem. Partially folded/misfolded proteins can come from nascent peptides, folding of naturally unfolded peptides, and unfolding or misfolding of globular proteins. These partially folded structures have a tendency to aggregate in to disordered form or amyloid fibrils. They can also be degraded by ubiquitin proteasomes into shorter peptides. fibrosis and α 1 -antitrypsin deficiency. These small molecules act as chemical chaperones: they reduce protein misfolding by binding to a protein and stabilizing its native state. Mutations and small molecular inhibitors have also been found to stabilize the native (tetramer) state of transthyretin (TTR), preventing amyloidgenesis and alleviating TTR amyloid disease. 112 Prion disease is associated with aggregates of disease-causing isoform (PrP Sc ) converted from the normal host prion protein (PrP C ). Small molecules were found to block prion replication. 113 More efficient clearance of PrP by antibodies are also efficacious in slowing prion disease. 113 In the case of Alzheimer's disease, inhibition of Aβ fibril formation may not be a cure, because recent evidence suggests that soluble oligomers instead of monomer or fibril are toxic. 99, 110 Substantial effort has been directed into development of drugs which can decrease Aβ peptide concentration through modulating the Aβ-producing secretases. 114, 115 With the increasing number of diseases associated with protein misfolding and aggregation, more emphasis will be put onto therapeutics utilizing new molecular medicine targeting protein interactions.
CONCLUSIONS
A large body of knowledge has been gained toward understanding the protein folding/misfolding processes and diseases related to them. The free energy landscape theory and computer simulations have broadened our view of the mechanisms of these processes. Improved experimental techniques have provided more details about transient processes and intermediate states in the folding and aggregation processes. More emphasis has been directed to studying these processes in vivo and in complex environments in vitro. Many therapeutic approaches designed on the basis of this knowledge have shown promising in curing the related diseases. In case of thermal burn injuries, better understanding on damages to specific tissue macromolecules in vivo is expected to provide more insights on treatment schemes based on protein interactions.
